A set of pyrazole-bridged bis(imidazolium) compounds [H 3 
Introduction
N-Heterocyclic carbenes (NHCs) are currently ranking among the most popular ligands in organometallic chemistry [1] . A convenient and widely applied method for the preparation of various metal-NHCs is the transmetallation of Ag(I)-NHC complexes, since Ag(I)-NHCs are readily available via the so called "Ag 2 O route" [2] . This involves the in situ deprotonation of an imidazolium ligand precursor by a basic silver(I) salt, usually Ag 2 O, without the need of strictly anaerobic conditions or any pre-treatment. Numerous publications have appeared during the last decade that make use of this method, and because of their easy preparation and their synthetic value, a multitude of Ag(I)-NHC complexes have been studied; an overview is available from several recent reviews [3 -5] . Apart from their use as carbene transfer agents, Ag(I)-NHC complexes 0932-0776 / 09 / 1100-1542 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com are highly interesting themselves and offer potential applications as, inter alia, luminescence materials or precursors for Ag nanoparticles. A large variety of structural motifs in Ag-NHC chemistry can be realized by variation of the reaction conditions or the employed anions and by alteration of steric and electronic properties of the NHC ligands. The scope is further extended by introducing functional donor substituents to the NHC or combining several NHC moieties in multidentate chelate scaffolds [6] . Some groups including ours have recently reported pyrazolebridged bis(NHC) ligands [7 -9] that provide two proximate binding compartments and give rise to unique multinuclear Ag(I)-NHC complexes [9, 10] . Compounds [LAg 2 ] n with two very different structures have been observed: a planar Ag 4 core sandwiched between two pyrazolate/NHC ligands (A; n = 2) [9, 10] or an unprecendented Ag 8 double metallocrown (B; n = 4) [10] .
Complex B features an inner metallocrown with homoleptic N(pyrazolate) coordination and a surrounding outer metallocrown with homoleptic bis(NHC) coordination of the metal ions. This represents two of the well-known structural themes in silver(I) coordination chemistry, namely linear [Ag(NHC) 2 ] + and cyclic [M(µ-pz)] n ; such [M(µ-pz)] n rings are commonly found in coinage metal pyrazolate complexes (mostly with n = 3) [11] . This raises interesting questions concerning the relation and possible competition between these two binding motifs. It was speculated that the formation of different structures A and B despite similar ligand scaffolds and identical metal : ligand ratio (2 : 1 or 4 : 2) in the Ag(I)-pyrazolate/NHC systems might be caused by the different steric bulkiness of the NHC substituents [5, 10] . In the present contribution we thus describe the synthesis of several new compartmental pyrazolate/NHC ligands with very bulky imidazolium substituents (tert-butyl, 1-adamantyl), we introduce different substituents at the pyrazolate-C 4 backbone (H, Ph), and we explore the Ag(I) coordination chemistry of the new set of ligand scaffolds. Most interestingly, the structural landscape of these systems seems to be even more complicated, as a new complex with an Ag : ligand ratio of 4 : 4 could be isolated and structurally characterized.
Results and Discussion
The hygroscopic bis(imidazolium) chlorides 3 were prepared from 3,5-bis-(chloromethyl)-1-(tetrahydropyranyl-2-yl)-4-phenyl-1H-pyrazole and the respective N-substituted imidazole in close analogy to the procedure reported previously (Scheme 1) [8, 10] . Subsequent treatment of aqueous solutions of the chloride salts with an
excess of NH 4 PF 6 or NaBF 4 allowed the isolation of the corresponding hexafluorophosphate and tetrafluoroborate salts, respectively (Scheme 1). The latter are preferred ligand precursors because of their increased solubility compared to the chloride salts. All four new pyrazolate-bridged bis(imidazolium) compounds, which differ by the imidazolium substituent R (tBu or 1-adamantyl) and the backbone substituent at the pyrazole-C 4 (R = H or Ph), were characterized by elemental analysis, mass spectrometry and NMR spectroscopy. 2 show one or two (depending on the pyrazole-NH tautomerism) characteristic 1 H NMR signals between 9.0 and 9.5 ppm, which stem from the acidic imidazolium CH proton (CH im2 ). The bridging CH 2 groups appear as singlets at about 5.4 ppm, while the pyrazole NH proton appears as broad resonance at about 13.3 ppm. 1 H and 13 C NMR spectra of the imidazolium salts are independent of the counterion (BF 4 − vs. PF 6 − ). 6 ) 2 has been confirmed by X-ray crystallography; the molecular structures are depicted in Figs. S1, S2, and S3, respectively (Supporting Information available online; see paragraph at the end of the paper). In all these compounds, rather close contacts are found between the imidazolium-C 2 strands with a central N-H ··· N and two flanking C 2 -H ··· N interactions (Fig. 1) . Involvement of the imidazolium-C 2 hydrogen atoms in hydrogen bonding towards a pyrazole-N is unusual, as pyrazoles commonly aggregate via N-H ··· N hydrogen bonds [12] . One of the remaining peripheral imidazolium-C 2 hydrogen atoms points towards a PF 6 − anion, with a C(-H) ··· F distance in the range previously reported for this kind of weak interaction [13] . 2 , and molecular structures were determined by X-ray diffractometry (Figs. 2 -4) . For the sake of clarity all hydrogen atoms, the solvent molecules, and PF 6 − have been omitted. Symmetry transformation used to generate equivalent atoms:
represent the common structural motif that has been observed for silver complexes with related ligands combining NHC and pyrazole moieties [9, 10] . However, not more than a handful of complexes of this type have been structurally characterized to date, and the present work confirms that these tetrametallic arrays are formed also in the case of bulky imidazole substituents such as tert-butyl or 1-adamantyl. Crystallographically imposed C i symmetry is found in all three complexes, each of which consists of four silver atoms and two ligands. The remaining positive charge is compensated either by BF 4 − or PF 6 − anions. The arrangement of the silver atoms is almost rectangular. Numerous examples for weak metalmetal interactions in d 10 coinage metal complexes have been described over the last decades [15, 16] . For [(L 1/3/4 ) 2 Ag 4 ] 2+ such a closed shell interaction might be rather weak if present at all, since the Ag ··· Ag distances are well above 3.1Å [16] . Despite the steric bulk of the peripheral tert-butyl or 1-adamantyl groups, Ag ··· Ag separations are in the same range as in the sterically less demanding silver(I) complex of 3,5-bis[N-methylimidazolium-1-ylmethyl]-1H-pyrazole [9, 10] . This indicates that the tert-butyl or 1-adamantyl substituents do not impose any particular constraints on the Ag 4 framework. On a more subtle level, it is interesting to note that two sets of Ag ··· Ag interactions with clearly different distances can be observed in all these The most noticeable feature of the 1 2 is the absence of the CH im2 resonance as the imidazolium proton is replaced by a silver-carbene bond. Furthermore, the bridging CH 2 groups appear as an AB system. In the 13 8 at r. t. afforded colorless crystals that allowed the elucidation of its structure by X-ray diffraction (Fig. 5) .
[(H 2 L 1 ) 4 Ag 4 ](PF 6 ) 8 features a central 12-membered ring of four silver ions and four N,Nbridging pyrazolate ligands with crystallographically imposed S 4 symmetry. Cyclic (pzAg) n cores are a common structural motif in coinage metal pyrazolate complexes [11] , and a similar tetrameric (pzAg) 4 ring has previously been observed in the silver(I) complex of 3,5-di-tert-butylpyrazole [17] and in B [10] . As concluded from the NMR spectra of [(H 2 L 1 ) 4 Ag 4 ](PF 6 ) 8 , the silver ions are solely bound to the pyrazolate-N atoms, while all side arm imidazolium groups are still protonated and dangling. The imidazolium-C 2 H shows weak hydrogen bonding or close contacts to oxygen The molecular structure of [(H 2 L 1 ) 4 Ag 4 ] 8+ bears a striking resemblance to the recently reported doublecrowned Ag 8 complex B, which features the same central (pzAg) 4 core but hosts four additional silver ions in the peripheral bis(NHC) compartments [10, 18] Its UV/Vis spectrum shows strong absorption below 240 nm with a pronounced shoulder at around 255 nm, and a broad emission band centered at around 310 nm upon excitation at λ ex = 265 nm was observed (Fig. 6) . More detailed studies of the luminescence properties of the various silver(I) complexes derived from binucleating pyrazole/NHC hybrid ligands are planned for the future.
Conclusion
A set of new compartmental pyrazolate/NHC ligands with bulky imidazolium substituents (tertbutyl, 1-adamantyl) and different substituents at the pyrazolate-C 4 backbone (H, Ph) has been prepared, and several of their pyrazole/imidazolium precursors (as BF 4 − and PF 6 − salts) have been characterized by X-ray crystallography. An interesting structural feature is that both the pyrazole-NH and the imidazolium C 2 H are strongly involved in hydrogen bonding interactions. Silver(I) complexes of the ligands can be conveniently prepared by the Ag 2 8 were measured with a Jasco V-550 UV/Vis spectrometer and a Jasco FP-6500 fluorescence spectrometer.
3,5-Bis(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole [21] , 3,5-bis(chloromethyl)-1-(tetrahydropyranyl-2-yl)-4-phenyl-1H-pyrazole [22] and N-substituted imidazoles [10] were prepared according to procedures found in the literature. All other chemicals were purchased and used as supplied.
General procedure for the preparation of ligand precursors
A mixture of 3,5-bis(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole (25.0 mmol, 1.0 eq.) and the respected Nsubstituted-imidazole (75.0 mmol, 3.0 eq.) in 100 mL CH 3 CN was heated to reflux for 48 h. After this time the solvent was removed, and the residue was dissolved in a mixture of water (100 mL) and dichloromethane (100 mL). The phases were separated, and the aqueous layer was extracted twice with dichloromethane. The excess of imidazole can be recycled from combined organic phases. Water was removed from the aqueous phase under reduced pressure, and the residue was dried under vacuum. The crude product was then dissolved in ethanol (10 mL) and treated with ethanolic HCl. The solution was stirred overnight at r. t. Addition of diethyl ether (1.0 L) gave an off-white precipitate which was collected by filtration, washed with diethyl ether (200 mL) and dried in vacuo at 90 • C. This crude product (chloride salt) is hygroscopic and is best transformed into the hexafluorophosphate or tetrafluorophosphate salts. For this it was dissolved in as little water as possible and treated with NH 3 solution (25 %, 3.0 eq.). The mixture was stirred for several min, and either ammonium hexafluorophosphate (2.2 eq.) or sodium tetrafluorophosphate (2.2 eq.) was added. A precipitate instantly formed. After a reaction time of 30 min the colorless precipitate was filtered off, washed with some water and dried in vacuo. The product was obtained as a colorless powder.
[ 7 .92 (t, J = 1.8 Hz, 2 H, CH im ), 9.10 (t, J = 1.6 Hz, 2 H, CH im2 ), 13.55 (br s, 1 H, NH). Tables 2 and 3 . X-Ray data were collected on a Stoe IPDS II diffractometer (graphite-monochromatized MoK a radiation, λ = 0.71073Å) by use of ω scans at −140 • C. The structures were solved by Direct Methods and refined on F 2 using all reflections with SHELXL-97 [23] . Most non-hydrogen atoms were refined anisotropically. Most hydrogen atoms were placed in calculated positions and assigned to an isotropic displacement parameter 
